Influenza virus serotypes are classified based on the combination of two major antigens on the virion, namely haemagglutinin (HA) and neuraminidase (NA). To date, 16 H types and 9 N types have been acknowledged, and a 17th and 18th HA type plus a 10th and 11th NA type have recently been discovered in bats. 1, 2 Avian influenza is an acute infectious disease caused by type A avian influenza viruses (AIVs), and certain subtypes have public health significance because they can also infect humans. In addition to causing considerable economic damage to the global poultry industry, highly pathogenic avian influenza viruses (HPAIVs) pose a major public health hazard, especially the H5 subtype. 3 Since 2003, H5N1 HPAI viruses have emerged in at least sixty countries worldwide, 4, 5 and various NA subtypes of H5 HPAIVs (H5N2, H5N6 and H5N8) have recently been detected in different poultry and wild birds, with highly pathogenic AI epidemics. For example, Heilongjiang, Jiangsu and Hunan provinces, as well as other provinces in China, reported outbreaks of H5N6 on poultry farms in 2014 and 2015; in 2014, the People's Republic of China, Japan, Germany, the Netherlands, the UK and the Republic of Korea reported outbreaks of H5N8 on poultry farms and also viral presence in migratory birds. Furthermore, earlier this year, Taiwan reported outbreaks of H5N8 and H5N2 on poultry farms, and H5N2 HPAI viruses appeared in at least 14 states in the USA. 6 These AIV outbreaks resulted in extensive losses to the poultry industry worldwide.
Laboratory diagnosis is essential when AI is suspected in the field, and currently, RT-PCR tests are used routinely for AI diagnosis and genotyping. Although conventional and real-time RT-PCR protocols have been published for the detection of H5-subtype HPAIVs in poultry, [8] [9] [10] none of these methods can be applied for simultaneous detection or for HA and NA subtyping of H5-subtype HPAI viruses such as H5N1, H5N2, H5N6 and H5N8 in a single assay. The GeXP analyser is a multiplex gene expression profiling analysis platform developed by Beckman Coulter Company (Brea, CA, USA) that was originally designed to allow for the high-throughput, robust and differential assessment of a multiplexed expression profile of up to 35 genes in a single RT-PCR. 11 This system has been successfully used for the rapid identification of several viral diseases of humans, such as nine serotypes of enteroviruses associated with hand, foot and mouth disease, 12 pandemic influenza A H1N1 virus, 13 sixteen human respiratory virus types/subtypes, 14 and seven enteric viruses associated with acute gastroenteritis, 15 as well as the genotyping of 11 human papillomaviruses. 16 Moreover, our laboratory has successfully developed three GeXP multiplex PCR assay for the simultaneous typing of nine different avian respiratory pathogens, eight swine reproductive and respiratory pathogens, as well as differentiation of eleven duck viruses. [17] [18] [19] In this study, a multiplex RT-PCR assay using the GeXP analyser was developed for the simultaneous detection of four different NA serotypes of H5-subtype AIVs.
Methods

Virus strains and DNA/RNA extraction
The AIV reference strains, field isolates and other avian pathogens used in this study are listed in Table 1 . Genomic DNA/RNA was extracted from 200 ll of virus using MiniBEST Viral RNA/DNA Extraction Kit ver. 5.0 (TaKaRa, Dalian, China) according to the manufacturer's protocol. DNA and RNA were eluted in 30 ll of nuclease-free water. The concentrations of total DNA and RNA were measured by UV spectrophotometry (Beckman Coulter). All DNA and RNA samples were stored immediately at À80°C until used in experiments.
Primer design and plasmid preparation
Six pairs of gene-specific primers were designed based on sequence information obtained from Influenza Sequence Database (http://www.flu.lanl.gov). The designed primers were analysed and filtered using the Premier 5.0 (Primer, Montreal, Canada), NCBI Primer Blast (NCBI, Bethesda, MD, USA) and Oligo 7.0 (Biolytic, Fremont, CA, USA) tool. Each gene-specific primer was fused at the 5 0 end to a universal sequence to generate six pairs of chimeric primers, and one pair of universal primers was used for RT-PCR ( Table 2 ). The AIV universal primers were designed to correspond to a highly conserved region of the matrix (M) gene, and the H5 primers were designed in a specific region of the HA gene segment for the H5 serotype. The other four pairs of primers were designed to correspond to the specific region of an NA gene segment for each of the NA types: N1, N2, N6 and N8. Primer synthesis and HPLC purification was performed by Invitrogen (Guangzhou, China).
Plasmids harbouring genes from AIV (H5N1 AIV Re-1, H5N2 AIV chicken/QT35/87, H3N6 AIV Duck/HK/526/79/ 2B, H6N8 AIV Duck/HK/531/79) were used to produce ssRNA via in vitro transcription using a RiboMAXTM largescale RNA production system-T7 kit (Promega, Madison, WI, USA). The copy numbers of the ssRNAs for the target genes of AIV (M, H5, N1, N2, N6 and N8) were calculated according to previous methods. 20, 21 Set-up of the multiplex PCR for the GeXP analyser
The reaction system was created using a total volume of 25 ll containing 2Á5 ll of 109 PCR buffer, 2Á5 ll of MgCl 2 (25 lM), 1Á25 ll of mixed primers (containing 20-100 nmol/l of 6 pairs of gene-specific chimeric primers), 1Á25 ll of universal primers (100 nmol/l), 1Á2 ll of JumpStart Taq DNA polymerase (2Á5 U/ll) and 0Á5 pg-0Á5 ng of cDNA or DNA template. Nuclease-free water was then added to the PCR to achieve a final volume of 25 ll. PCR was carried out using the GeXP system followed by three steps of amplification according to the temperature switch PCR (TSP) strategy:
22 step 1, 95°C for 3 minutes, 10 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds; step 2, 10 cycles of 95°C for 30 seconds, 65°C for 30 seconds and 72°C for 30 seconds; and step 3, 20 cycles of 95°C for 30 seconds, 53°C for 30 seconds and 72°C for 30 seconds. The details of the primers are shown in Table 2 , and all were purchased from Invitrogen. PCR product separation and detection were performed by capillary electrophoresis using the GenomeLab GeXP genetic analysis system (Beckman Coulter) following previously described protocols. 23 After the amplified fragments were separated, the peaks were initially analysed using the fragment analysis module of the GEXP SYSTEM software (Beckman Coulter, Brea, CA, USA) and matched to the appropriate genes. The peak height for each gene is illustrated in an electropherogram.
Single primer test for specificity of the GeXP multiplex assay
The assay specificities of all the targets were individually tested with pre-mixed cDNA/DNA in a multiplex PCR assay after optimisation. Other conventional chicken viruses, including all subtypes (except the H5 subtype, including HA (1-16) and NA (1-9); the HA and NA genes of the reference strains were confirmed by sequencing) of avian 
Evaluation of the sensitivity of the GeXP multiplex assay
The sensitivity of the multiplex assay using the GeXP analyser was evaluated using a previously described method. 23 The concentrated products for each target gene were diluted to final concentrations ranging from 10 5 copies to 1 copy per microlitre and then individually subjected to the multiplex assay. The concentrations of specific primers were optimised according to the amplification efficiency of the assay using a single template. The sensitivity of the optimised multiplex GeXP PCR assay was re-evaluated three times on three different days using 6 pre-mixed RNA templates ranging from 10 5 copies to 1 copy per microlitre. 
Interference assay
Because high quantities of different templates could alter the efficiency of multiplex PCR amplification, different amounts of template (10 2 to 10 6 copies) were selected at random, mixed and tested in the multiplex PCR assay. The results were then compared with those of the single template multiplex PCR assay.
Application to clinical specimens
A total of 180 cloacal swabs were collected from poultry at live bird markets (LBMs), and the swab samples were injected into 9-to 11-day-old embryonated specific pathogen-free (SPF) chicken eggs, as previously described. 24 At 48-96 hours, all allantoid fluids were recovered incubation for virus detection and titration, as described. 25 The 180 clinical specimens were randomly divided into five groups and tested by RRT-PCR, GeXP multiplex PCR and virus isolation, respectively (Table 3) , and the HA and NA genes of positive samples were sequenced for demonstration of RT-PCR compliance using previously reported primers. 26 
Results
Specificity of the GeXP multiplex PCR assay
cDNA samples from four different NA subtypes of influenza A H5 virus (H5N1, H5N2, H5N6 and H5N8) were individually used as template to evaluate the specificity of each pair of gene-specific primers. In mono-PCR GeXP assays, AIV universal primers were able to amplify the target M gene of all AIV serotypes, although each pair of specific primers generated only the corresponding targeted gene, without cross-amplification ( Table 1 (Table 2) . These six targeted genes were detected via the multiplex GeXP PCR assay, and specific amplification peaks were observed (Figure 1 ). For example, specific amplification peaks of the AIV M gene were observed for H1N1, H2N3,  H3N6, H4N5, H5N2, H5N3, H5N7, H6N8, H7N2, H8N4,  H9N2, H10N3, H11N3, H12N5, H13N6, H14 N5, H15N9 and H16N3.
Sensitivity of the GeXP multiplex PCR assay
When using ssRNA in vitro transcription individually, the GeXP multiplex PCR assay detected as little as 10 2 copies/ll of AIV type A, AIV-H5, AIV-N1, AIV-N2, AIV-N6 and AIV-N8 (Figure 2, all electropherograms are not shown) . The reactions were repeated three times for each template concentration on different days, and similar results were obtained.
Artificial mixture and interference assay
Two specific amplification peaks were observed when two different templates (one template with 10 2 copies and another with 10 6 copies) were tested by the GeXP multiplex PCR assay, and the peak value of the single template was similar to that of the mixed template. For example, two specific amplification peaks were observed when two different templates (AIV-H5N1 at 10 2 copies and H5N2 at 10 6 copies) were tested, and the peak values for AIV-H5N1 and H5N2 were the same, regardless of whether a single (AIV-H5N1 or H5N2) or a mixed (AIV-H5N1 + H5N2) template was utilised (electropherograms not shown). The results of these experiments demonstrate that this interference had a minimal effect on the detection of mixed infection.
Detection of clinical samples by the GeXP multiplex PCR assay
A total of 180 random cloacal swab samples were collected from poultry at various LBMs during May 2015; the samples were assayed using optimised GeXP multiplex PCR (Tables 3) and confirmed by DNA sequencing of the HA and NA genes. Virus isolation revealed ten different genotypes among the clinical samples, and three positive samples of H5-subtype AIVs were isolated among 60 cloacal swab samples. Of the ten positive samples according to the GeXP PCR assay, one sample was negative by RRT-PCR but positive when retested by virus isolation. Moreover, the HA and NA genes of the positive samples were sequenced, showing complete agreement for 100% of the GeXP PCR assay results (Table 3) . We also found some nucleotide variation, which resulted in the failure of the real-time PCR detection of an H9N2 isolate.
Discussion
Although the vaccination strategy against H5N1 influenza has been effective at reducing the incidence of H5N1 infection in poultry during the past decade, recent studies have highlighted the continued presence of H5N1, H5N2, H5N6 and H5N8, posing a threat to both poultry and human health. 27, 28 Outbreaks of various H5 HPAIV NA subtypes are characterised by their sudden occurrence, dissemination speed, similar clinical symptoms and highly infectious nature with common characteristics. As such factors are unfavourable for the implementation of rational measures to prevent and control disease, the rapid and accurate identification of different NA subtypes circulating in different avian species within a geographical region can provide important epidemiological information and is crucial for the selection of appropriate control and eradication strategies.
Although HI and NI tests have long been used as the Office International Des Epizooties (OIE) standard for AIV subtyping, these methods often have low levels of specificity and sensitivity; in addition, standardisation and reference antisera are difficult to obtain. 29 Accordingly, laboratory diagnosis of AIV, including conventional and real-time RT-PCR protocols, has been recently used for AIV detection and subtyping. 9, [30] [31] [32] Indeed, multiplex PCR and multiplex fluorescence real-time quantitative PCR techniques are widely used for the detection and subtyping of mixed infections with multiple pathogens. 33, 34 However, conventional multiple PCR is vulnerable to variations in template and primer concentration as well as concentrations of reagents that interfere with each other during amplification; such factors will cause different PCR efficiencies, decreasing the sensitivity of the results.
In this study, we successfully established a GeXP method that can simultaneously detect and identify the H5N1, H5N2, H5N6 and H5N8 subtypes of AIV in a single reaction within 4 hours; this GeXP method utilises six different genes primers for M, H5, N1, N2, N6 and N8. Additionally, the specificity of the test was examined using different HA (1-16) and NA (1-9) subtypes of avian influenza virus and nucleic acid of seasonal influenza virus and influenza B virus infecting humans (Table 1 ). The failure of the M gene primer set in detecting human H1N1 and H3N2 is because the primer set is based on GenBank data of avian influenza virus, with variation in a few nucleotides between human H1N1 and H3N2. We also found no cross-reaction between different pair primers, with specificity for detecting AIV H5, N1, N2, N6 and N8 subtypes and a sensitivity of 10 2 copies/ll. When 180 specimens were analysed, the results for the GeXP PCR assay and the reference method (Virus isolation and sequencing) were in complete agreement for 100% of the specimens, as shown in Table 3 . However, one H9N2 isolate was not detected by RRT-PCR using the N2 primer set (Table 3 ). The comparison of the results for NA sequences revealed that the new H9N2 isolates exhibited variation in the target gene of the N2 primer designed for RRT-PCR. Considering that the genetic diversity of AIVs in the natural ecosystem may be higher than the current understanding, it may be necessary to develop primers for all subtypes.
Two distinct advantages of the GeXP assay compared with other nucleic acid-based tests are the reduced time required and cost-effectiveness. The cost of the multiplex GeXP assay for simultaneous detection of the four different NA subtypes of H5 AIVs is approximately $6 per test, including primers representing the HA and NA subtypes, when the entire reaction is performed in a single tube. Utilising two 96-well plates at the same time in the GeXP analyser will further increase the throughput. This method will save much time and cost compared with classical methods of AIV HA and NA subtyping in surveillance programmes.
